pline is truly learning the meaning and implications of a new set of words." Although there are many new words that might be useful to carefully define, the second meaning of the word optometry is particularly appropriate for this discussion. The second of two definitions of optometry has remained unchanged and defines optometry as "The use of an optometer." 1 The definition of optometer is "Any of several objective or subjective devices for measuring the refractive state of the eye." 1 New clinical and research aberrometers represent the state-ofthe-art of a new breed of optometers. These efficiently measure the optical defects of the eye with unprecedented detail allowing the design and implementation of sophisticated optical corrections to improve retinal image quality well beyond that provided by traditional spherocylindrical corrections. These new wavefront optometers are the driving force behind a multibillion dollar industry.
Wave aberration is a key factor but not the only factor determining retinal image quality. Other factors defining retinal image quality include diffraction, scatter, and chromatic aberration. Although it is tempting to want to conclude that retinal image quality is equivalent to visual quality, it is not. Retinal image quality is only one of the factors that affect visual quality. Other key factors affecting visual quality are the ability of the visual pathways to interpret the input (neural processing) and the ability to convey to the outside world the meaning of what they have perceived (cognitive and motor). To emphasize the latter two points, I like to use a quote I first heard from Marguerite McDonald, which in paraphrase went something like, "The retinal image may be 20/10, but the brain is a 20/400 brain."
In this article, I will review the factors driving wavefront-guided corrections and define wavefront and wavefront error (wave aberration). I will then discuss the factors limiting retinal image quality, the factors limiting visual quality, how individual aberrations and combinations of aberrations affect visual performance, and how one can minimize the impact of compounding factors to determine how wave aberration impacts visual performance.
Key Factors Influencing Retinal Image Quality
Retinal image quality is contingent on several factors including diffraction, wave aberration, scatter, and chromatic aberration. In this article, I will discuss and illustrate the effects of diffraction and wave aberration and only touch on the effects of scatter and chromatic aberration.
With the advent of clinically practical wavefront sensing, 2 the ophthalmic industry (primarily driven by the market advantage of the promise of better refractive surgery outcomes) quickly began to implement and evaluate a variety of correction modalities to reduce the amount of higher-order optical aberration (e.g., spherical aberration) being induced by conventional surgery. Practical modalities for minimizing the optical errors of the eye include contact lenses, intraocular lenses (phakic and aphakic), inlays, and various modes of corneal refractive surgery.
Although I will focus on how knowledge of the wave aberration can be used to improve the quality of vision by improving retinal image quality, correcting the eye's wave aberration is equally important for improving our view into the eye. The use of adaptive optics to improve retinal imaging 3 has already improved our view of the retina by allowing noninvasive views of retinal detail down to the photoreceptor level and, thereby, a better understanding of retinal physiology and disease processes (e.g., Roorda and Williams 4, 5 ).
To understand the power of wavefront sensing, it is useful to change our thinking from rays of light to waves of light. Rays of light can be converted to wavefronts (Fig. 1 ) by connecting small perpendicular line segments on each ray at the same elapsed time (or optical distance) from when the light ray left the point source. For a distant point source, the wavefronts thus formed will be perpendicular to the parallel ray bundle as illustrated in Fig. 1 . After refraction by an aberration-free optical system, rays of light from a distant point source will come to a diffraction-limited focus. As with the incoming rays, small line segments can be drawn perpendicular to the rays to form spherical wavefronts with radii of curvature that get progressively smaller as the ideal focus is approached.
In the aberrated eye (Fig. 2) , the refracted wavefront (shown in red) is not spherical. Instead, it is distorted from the ideal (shown in yellow) by the refractive defects of the eye. The difference at every location within the pupil diameter of interest between the perfect spherical wavefront and the aberrated wavefront defines the wavefront error (wave aberration) of the eye.
A particularly useful representation of wavefront error is to fit the error between the actual wavefront and the ideal wavefront with a Zernike expansion. Fitting the error data with a Zernike expansion parcels the error into unique building blocks. This is conveniently displayed as pyramid of differing Zernike modes (Fig. 3) . For ophthal- Light from a distant point source will form a parallel bundle of rays as it approaches an optical system. To convert the incoming bundle of rays to a series of wavefronts of light, picture drawing small perpendicular line segments on each ray at the same elapsed time from when the light ray left the point source. Connecting the perpendicular line segments will form a wavefront that continues to advance at the speed of light. After refraction by an aberration free optical system, rays of light will come to a diffraction-limited focus. As with the incoming rays, small line segments can be drawn perpendicular to the rays at the same elapsed time to form spherical wavefronts with radii of curvature that get progressively smaller as the ideal focus is approached.
FIGURE 2.
In the aberration-free eye, incoming parallel rays from a distant point source form parallel wavefronts that form perfectly spherical converging wavefronts (yellow arc) after refraction. In the aberrated eye, the refracted wavefront shown in red is not spherical. Instead, it is distorted from the ideal shown in yellow by the optical aberrations of the eye. The difference at every location within the pupil between the perfect spherical wavefront and the aberrated wavefront defines the wavefront error (wave aberration) of the eye.
168 Wavefront Sensing, Ideal Corrections, and Visual Performance-Applegate mic use, it has been recommended that each individual mode (Z) be uniquely identified using a double index system. 6 The subscript n specifies the radial order (green numbers), and the superscript m specifies the angular frequency (red numbers). The zero and first radial orders of the Zernike expansion are generally ignored when measuring the monochromatic optical aberrations of a fixating eye. The reason is simple: neither the zero nor the first radial orders of the Zernike expansion affect monochromatic image quality. The zero radial order (Z 0 0 ) adds a constant wavefront error to all locations, and the first radial order are prism terms (base-up or base-down (Z 1
Ϫ1
) and in or out (Z 1 1 ) affecting the position but not the optical quality of the retinal image. Although not typically known to the clinician as Zernike second radial order modes, these modes are used by clinicians every day in that they represent the defocus (Z 2 0 ) and astigmatic errors (Z 2 Ϫ1 , Z 2 1 ) of the eye. Modes in the third radial and higher are collectively called the higherorder aberrations. Shown in Fig. 4 are the common names for the Zernike modes in the second through fourth radial orders.
Why is wavefront error useful and important? Wavefront error degrades the retinal image. This point is illustrated in Fig.  5 , which compares the optical impact of the wavefront error of typical nonsurgical eye with best spectacle correction to the wavefront error of a happy conventional (laser-assisted in-situ keratomileusis [LASIK]) patient with best spectacle correction (Ϫ0.12 Ϫ0.12 ϫ 176). Both patients have 20/16 acuity. Notice that the higher-order wavefront error of this LASIK patient is about three times larger than the higher-order aberration of the normal nonsurgical eye and that the patient's simulated retinal image is of sufficient quality to allow the 20/16 line to be read. Importantly, notice the difference in the optical quality of the letters. This Figure demonstrates a relatively common conventional refractive surgery patient complaint, which is often reflected in a statement such as "I can read the letters but they are not as clear as they used to be." Wavefront-guided refractive surgeries significantly reduce this complaint by either lowering the inherent order aberrations of the eye while at the same time minimizing the spherocylindrical errors of the eye or inducing significantly less higher-order aberrations than the conventional (non-wavefront-guided) refractive surgeries.
In principle, wavefront error defines the ideal compensating optic. Wavefront error specifies how much tissue or material to remove at every location across the pupil as defined in Equation 1.
Amount of material to remove
where C is the minimum amount of tissue to be removed in micrometers, WFE is the wavefront error in micrometers, n' is the optical index of the cornea, and n is the optical index of air. The Zernike expansion is conveniently displayed as a pyramid of Zernike modes. There are an infinite number of modes. Displayed are the first 15 modes. Each individual mode (Z n m ) is uniquely identified using a double index system. The subscript n specifies the radial order (green numbers), and the superscript m specifies the angular frequency (red numbers). Each weighted Zernike mode (the coefficient C n m specifies the magnitude of each mode) added together form a representation of the measured wavefront error.
FIGURE 4.
Common names for the Zernike modes in the second through fourth radial orders.
FIGURE 5.
Displayed are the higher-order wavefront error, point-spread functions (PSF), and retinal image simulations for a typical best spectacle corrected presurgical patient and a conventional laser-assisted in-situ keratomileusis (LASIK) patient. Both have 20/16 acuity. The conventional LASIK has about three times more higher-order wavefront error than the nonsurgical eye.
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As illustrated in Fig. 6 , if the wavefront error is retarded, so that it is behind the ideal, more material needs to be removed so light can travel faster (in the lower optical index of air) and catch up to where it should be. If the wavefront is advanced, that is, ahead of the ideal, less material should be removed so light will travel slower (in the higher optical index of the cornea) and fall back to where it should be.
It is important to understand that in practice, the wavefront correction (as defined in Equation 1) is modified from the theoretical ideal using proprietary algorithms to correct for biomechanical responses of the cornea 7 and variations in laser efficiency as a function of corneal curvature. 8 But do higher-order aberrations really matter? Their impact on vision depends on several factors including the magnitude of the aberrations, their distribution across the pupil, and the physiological pupil size.
For many clinical eyes that we have thrown into the category of irregular astigmatism (clinical shorthand for a number of higherorder aberrations), it is important for most all pupil diameters. For typical normal eyes, the potential gains are significant for large pupil sizes and diminish to levels most likely to be visually insignificant for pupil diameters Յ3 mm.
The gains for large pupils in the typical normal eye are significant (a factor of 2 to 3 for most spatial frequencies for a 5.7-mm pupil 9 ) and can be critical during certain viewing conditions. Picture trying to detect the subtle contrast difference of a person walking along a country road on a dark rainy night dressed in blue jeans and a dark shirt. Minimizing aberrations can be the difference between retinal contrast levels that allow the person to be seen or not.
Diffraction and Retinal Image Quality
Diffraction fundamentally limits retinal image quality. In an aberration-free optical system with a variable diameter circular aperture, the Airy disk (diameter of the diffraction-limited pointspread function (PSF) when the distribution of light flux first hits zero) defines the best possible image of an object point. The diameter of the Airy disk increases (resolution decreases) as pupil diameter decreases (Equation 2 illustrated in Fig. 7) . As a consequence, the quality of the retinal image in an aberration-free eye decreases with pupil diameter (Fig. 8) .
Where r is the radius of the Airy disk, is the wavelength of light in a vacuum, f' is the secondary focal length, n' is the optical index in image space, and a is the pupil diameter. The diffraction effects on image quality caused by pupil size are described in the frequency domain by the optical transfer function (OTF). It is beyond the scope of this article to discuss the OTF in detail. Only an overview is provided here. A good source of further information is Williams and Becklund. 10 Any object can be decomposed into an object spectrum consisting of a series of sinusoidal gratings of varying spatial frequency, contrast, orientation, and location. The OTF describes how the object spectrum is changed by an optical system (e.g., the eye's optics). The OTF has two components: the modulation transfer function (MTF) and the phase transfer function (PTF). The MTF defines the ability of an optical system to transfer contrast from object space to image space as a function of spatial frequency (Fig.  9 ). The PTF defines how the optical system shifts the location of each spatial frequency contained in the object spectrum. For an aberration-free optical system, there are no phase shifts regardless of pupil size; however, the aberration-free (diffraction-limited) MTF changes significantly with pupil size. In Fig. 9 , diffractionlimited MTF's for five pupil diameters (1, 3, 5, 7, and 9 mm) are displayed. A modulation transfer factor of one for any given spatial frequency means that 100% of the contrast for that spatial frequency was transferred from object space to image space. A modulation transfer factor of zero for any given spatial frequency means that no contrast was transferred from object space to image space at that frequency. In Fig. 9 , first notice that contrast is decreased for
FIGURE 6.
If the wavefront error is retarded, more material needs to be removed, allowing light to travel in air faster for a longer period of time. If the wavefront is advanced (in front of where it should be), less material needs to be removed, allowing light to travel slower for a longer period of time in the cornea.
FIGURE 7.
Point-spread functions (PSF) for an aberration-free eye as a function of pupil diameter. PSF's were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
170 Wavefront Sensing, Ideal Corrections, and Visual Performance-Applegate all spatial frequencies Ͼ0 regardless of pupil size. That is, any imaging system decreases object contrast due to diffraction even if it is aberration free. Second, notice that image contrast and spatial frequencies passed by the optical system increase with pupil diameter. Thus, in an aberration-free eye, the highest contrast, highest fidelity retinal images occur when the pupil diameter is largest. This mirrors the role of diffraction on the PSF discussed earlier.
Clinical implications of diffraction include the following: (1) diffraction fundamentally limits retinal image quality; (2) diffraction effects increase as pupil size decreases, making the quality of the retinal image poorer and poorer; and (3) trade-offs between depth-of-focus and diffraction effects define the ideal pupil size for the pin hole test to be 0.75 to 1 mm.
The MTF's displayed in Fig. 9 assume that the eye's optics are rotationally symmetric. Consequently, it is sufficient to show the modulation transfer factor as a function of spatial frequency for one orientation. In reality, MTF's are three dimensional as displayed in Fig. 10 for an aberration-free eye at four different pupil diameters. Variation in the three-dimensional nature of the MTF is important when considering the wave aberrations of eyes that do not have rotationally symmetric optical systems.
Wave Aberration and Retinal Image Quality
Any wave aberration at any pupil diameter degrades the diffraction-limited MTF and enlarges the diffraction-limited PSF. At small pupil diameters (typically Ͻ2 mm), the effect of wave aberration on image quality is overwhelmed by ever increasing diffraction effects. Conversely, in a typical normal eye, as the pupil size enlarges, the affects of the wave aberration become more important than the diffraction effects. These points are well illustrated in Fig.  11 , which compares the PSF's for seven pupil diameters for the aberration-free eye to those of a typical normal eye (20/15ϩ visual acuity) with a best spectacle correction in place. Notice that it is hard to see any wave aberration affects on the PSF below 3 mm. Fig. 12 shows how the MTF is affected for 1-, 3-, 5-, and 7-mmdiameter pupils for this same subject. Comparing the MTF's for the diffraction-limited case (Fig. 10) to the best-corrected spectacle case (Fig. 12) demonstrates that the optimal pupil size in this typical example is 3 mm, which balances increasing diffraction at small pupils with increasing aberrations at large pupils. Note that by comparing larger pupil diameters (Ͼ3), it is easy to see the possible gains resulting from minimizing the wave aberration of the normal eye increase with pupil diameter.
The ophthalmic industry is just beginning to make gains in the minimization of aberrations. Early photo-ablative corneal refrac- Modulation transfer functions (MTF's) for an aberration-free eye for five pupil diameters. The Nyquest limit defines the resolution limit due to photoreceptor sampling. That is, the photoreceptor diameter of around 2 m fundamentally limits the spatial resolution of the visual system to between 20/8 and 20/10.
FIGURE 10.
Three-dimensional modulation transfer functions (MTF) for a aberrationfree eye at four pupil diameters (1, 3, 5, and 7 mm); 120 cpd corresponds to a visual acuity of 20/5, 60 cpd corresponds to a visual acuity of 20/10, and 30 cpd corresponds to a visual acuity of 20/20. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
FIGURE 8.
Simulated aberration-free retinal images of a logarithm of the minimum angle of resolution (logMAR) chart for four pupil diameters. Single bar identifies the 20/20 line (logMAR 0.0). Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
Wavefront Sensing, Ideal Corrections, and Visual Performance-Applegate 171 tive surgeries induced a significant increase in the wave aberration of the eye, thus decreasing the eye's MTF. As procedures and refinements in the surgical algorithms improved to compensate for biomechanical effects and laser efficiencies, so did the MTF; however, it was not until the adoption of wavefront-guided procedures that we began to see the MTF predictably improve to slightly better than presurgical levels. Fig. 13 illustrates this trend by displaying the MTF for a 6-mm pupil presurgical eye in the lower left, a good conventional LASIK in 1998 (upper left), average improvements to the conventional LASIK outcome as reported by Alcon to the U.S. Food and Drug Administration (FDA) (upper right), and the average outcome for Alcon's wavefront-guided custom cornea Fig. 13 is the 6-mm diffraction-limited MTF illustrating the best possible (monochromatic ϭ 555 nm) MTF for an eye with a 6-mm pupil. Such a goal will be impossible to achieve for a variety reasons. Nonetheless, I fully expect that surgery will continue to improve outcomes for the foreseeable future.
Effects of Phase Shifts
Wave aberrations also induce phase shifts, which can be readily seen by imaging a Seimen's star with wave aberration as seen in Fig. 14. Notice that 0.50 D of defocus causes a phase reversal (black bars switch to become white bars, and white bars switch to black) near the center of the star. These phase reversals have devastating effects on letter acuity as can be seen in Fig. 15 . Notice in the upper row of letters where phase information is included with the contrast loss, the letters become illegible as letter size decreases. However, in the lower row of letters where the contrast loss due to the aberration has been maintained and the phase errors corrected, the letters remain visible despite the contrast loss. This illustrates that the visual impact of phase reversals can be more devastating to vision than the corresponding loss in contrast.
Clinical Implications
Clinical implications for wave aberration in the eye include the following: adverse effects on retinal image quality increase with pupil diameter, retinal image quality for the normal spherocylindrical corrected eye has the highest fidelity for a pupil diameter around 3 mm, the balance of diffraction and increased depth-offocus cause most normal eyes with minimal spherocylindrical errors to see the same for pupil diameters Ͻ3 mm, and correlations between visual performance and wavefront aberrations must be made at the same pupil size.
For many pathologic eyes (e.g., keratoconus), the gains afforded Comparison of diffraction-limited point-spread functions (PSF's) as a function of pupil size to a normal eye with best spectacle correction and typical wave aberration. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
FIGURE 12.
Modulation transfer functions (MTF's) for a normal eye with best spectacle correction as a function of pupil size. Compare to Fig. 10 to see the potential gains to be had by minimizing the normal eye's aberrations. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
FIGURE 13.
Improvements in refractive surgical outcomes during the last 5 years demonstrated by improved modulation transfer functions. See the text for details. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
by reducing the eye's higher-order wave aberration are large. For the typical normal eye, the gains achieved by correcting the eye's higher-order wave aberration are small to negligible for pupil diameters Ͻ3 mm and increase for larger pupil diameters.
Scatter
Scatter in the eye is generally classified as forward or backward scatter. Forward scatter implies that light has been misdirected but continues in the forward direction (the direction of original propagation). Forward scattering of light causes the retinal image to lose contrast and thus appear washed out. Backward scatter implies that light is scattered in a direction opposite of the original propagation. Backward scatter allows the visualization of the corneal stroma, lens, and other objects within the eye, for example, when using a slit lamp.
The greater the density of forward scattering elements, the more washed out the retinal image. The most common source of forward and backward scatter is cataract. Despite an excellent surgical cure, cataract remains the leading cause of blindness in the world 11 and begs for a low-cost medical solution to prevent or delay its progress.
In the normal healthy eye with minimal cataract, scatter is not a major factor limiting vision quality.
Chromatic Aberration
The speed of light in the eye varies with the wavelength of light, as does the optical index: the shorter the wavelength, the slower the speed of light and the higher the optical index, as indicated in Equation 3 . n ϭ speed of light in a vacuum speed of light for in optical media
As light enters the eye, the higher the optical index, the greater the angle of refraction. Consequently, blue light focuses before red light. The dioptric difference in focus between 450 nm and 750 nm is about 1.5 D, as illustrated in Fig. 16 . Chromatic aberration causes variations in focus, size, and image location. Chromatic aberration degrades retinal image quality. The degradation in image quality is partially offset by the spectral sensitivity of the receptors because they are least sensitive to the most defocused light. However, chromatic aberration is not all bad. The polychromatic PSF is smoothed compared with the monochromatic PSF, and, consequently, some of the adverse effects of low to moderate levels of monochromatic aberration are offset.
How Monochromatic Wave Aberration Affects Visual Performance
To understand the impact of monochromatic wave aberration on visual performance, it is very helpful to know which aberrations are particularly detrimental to visual performance and how wave aberrations interact. An important feature of the normalized Zernike expansion is that the magnitude of the coefficient for each mode reflects its relative contribution to the total wavefront error. Graphically displayed in Fig. 17 is wave aberration (in micrometers) of each coeffi-
FIGURE 14.
Siemen's star without wave aberration (left) and with wave aberration induced by 0.5 D of defocus (right). Notice the phase reversals (dark bars become light, and light bars become dark) near the center of the image. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
FIGURE 15.
A set of letter optically aberrated E's of decreasing size. Top image: wave aberration using the entire optical transfer function (modulation transfer function and phase transfer function) to create the retinal image simulation. Bottom image: with the phase errors removed, phase errors due to wave aberration are typically more important than the loss in contrast due to wave aberration. Wavefront Sensing, Ideal Corrections, and Visual Performance-Applegate 173 cient for Zernike modes through the 10th radial order for a happy conventional LASIK patient 3 years after surgery. It is tempting to conclude that the modes having the largest wave aberration will impact visual performance the most. It is equally tempting to conclude that as total wave aberration increases, visual performance will decrease. These two conclusions are not necessarily correct. Just because the magnitude of the coefficient reflects its relative contribution to the total wave aberration does not mean that the largest Zernike coefficient will affect vision the most. As we will see, different modes of the Zernike expansion affect vision more than others. 12 Furthermore, modes can combine to lessen the adverse visual performance effects or combine to further worsen visual performance. 13 Equally important to researchers and clinicians alike is the development of single-value metrics of optical quality capable of predicting visual performance. Wave aberration fundamentally defines the optical properties of the eye and can be used to calculate other metrics of optical quality such as the PSF. In turn, the PSF of an eye can be convolved with an image to render a retinal simulation. Such a transformation is a powerful tool for visualizing and quantifying the impact of aberrations on visual performance.
In Fig. 18 , retinal simulations of a logarithm of the minimum angle of resolution (logMAR) chart have been generated with 0.25 D of defocus for four different pupil diameters. Notice that as the pupil size decreases, wavefront error decreases despite the fact that the dioptric defocus remains constant. As illustrated in Fig. 18 and reported previously, root mean square (RMS) wavefront error for any single Zernike mode reveals whether the retinal image is getting better or worse.
14 Dioptric error or equivalent dioptric error does not. Although we have demonstrated that visual acuity decreases with increasing wavefront error for any single mode, 14 we have also reported that all aberrations are not equal 12 and that aberrations interact to increase or decrease visual performance. 13 To demonstrate that all aberrations are not equal, we had subjects read high-contrast logMAR visual acuity charts 12 aberrated with 0.25 m of wavefront error over a 6-mm pupil. The 0.25 m of wavefront error was loaded into each Zernike mode one at a time. A 0.25-m wavefront error over a 6-mm pupil is an equivalent defocus (spherical) error of less than one quarter of a diopter. We chose 0.25 m of RMS error over a 6-mm pupil because it is in the range of typical good conventional laser refractive surgery outcomes for residual higher-order aberration. To perform the experiment, we minimized the optical aberration of each of our observers (all of whom had 20/16 or better visual acuity) and, in turn, had each observer read each chart in random order three times until five letters were lost. All letters read correctly until the fifth miss were counted. We then normalized each subject's data for each chart read by subtracting the mean number of letters read correctly for three reads of three different unaberrated logMAR charts. This difference defined the number of letters gained or lost and allowed data across subjects to be combined in a manner that reflected the impact of the aberration and minimized the impact of nonoptical factors. As expected, no subject gained letters read. If each Zernike mode affected visual acuity the same, we would predict that letters lost as a function of Zernike mode would be constant. This was not the case, as can be seen in Fig. 19 , which illustrates that Zernike modes near the center of the Zernike pyramid affect visual acuity more than modes near the edge. Fig. 20 demonstrates the result by generating a Zernike pyramid using a single 20/40 letter E aberrated with 0.25 m of RMS error over a 6-mm pupil for each Zernike mode through the fifth radial order.
Zernike terms also interact to affect visual performance. In our early work, we noticed that modes having the same sign (positive or negative) and the same angular frequency (red numbered columns in Fig.   FIGURE 17 .
Coefficient values for Zernike coefficients through the 10th radial order for a happy conventional laser-assisted in-situ keratomileusis patient 3 years after surgery in micrometers over a 6-mm pupil. The largest aberrations are vertical coma (coefficient C 3 Ϫ1 in the double-index labeling system or C7 in the single-index system displayed here) and spherical aberration (coefficient C 4 0 in the double-index labeling system or C12 in the singleindex system displayed here). These aberrations may not be affecting vision the most despite the fact that they are the largest aberrations. The inset is a graphical display of the total wavefront error for this eye. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
FIGURE 18.
Retinal image simulations for three pupil diameters (A, 8 mm; B, 4 mm; and C, 2 mm), all aberrated with 0.25 D of defocus. Notice that because the dioptric error was held constant, it can not explain the increase in image quality as pupil size decreases, but root mean square (RMS) error can. RMS error of any single Zernike mode is linearly related to visual performance. The 20/20 (logarithm of the minimum angle of resolution 0.0) line is marked with bars. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
174 Wavefront Sensing, Ideal Corrections, and Visual Performance-Applegate 3) two radial orders apart (green numbered rows in Fig. 3 ) when combined in an optimal proportion interact to increase visual performance compared with the individual effects of either mode. 13 For example, defocus and spherical aberration interact when combined in the optimal ratio to decrease the loss in visual performance compared with either term individually. Fig. 21 displays the results when we kept the wavefront error constant (again at 0.25 m over a 6-mm pupil) and varied the relative contribution of defocus and spherical aberration. Plotted are letters lost for various combinations of defocus and spherical aberration. On the far left side, the error is 100% spherical aberration; on the far right side, the wavefront error is 100% defocus. Notice that visual acuity improves nearly two lines for the optimal combination even though the wavefront error remained constant across all conditions. Fig. 22 shows retinal simulations of the components of the optimal mix and the combination. The retinal simulations demonstrate that each individual component decreases visual acuity more than the combination even though the wavefront error of the combination is greater than either individual component. This finding is consistent with the rule that combinations of Zernike modes two radial orders apart having the same sign and angular frequency combine in the optimal proportions to improve retinal image quality. 12, 13 It follows that not all Zernike modes combine to improve retinal image quality, terms within the same order, or across orders, but having different angular frequencies or signs tend to combine to decrease retinal image quality.
Because RMS error (and therefore equivalent defocus) was a constant at 0.25 m in this experiment, it cannot account for the large range (two lines) of measured logMAR acuities (Fig. 23) . Likewise, equivalent defocus across these experimental conditions was constant at 0.19 D and cannot explain the variation in acuity. If RMS wave- 0 ) both degrade retinal image quality more than the combination, which totals 0.25 m of root mean square (RMS) error. Total RMS error is equal to the square root of the sum of the squares of the individual components. Images were generated using Visual Optics Laboratory, version 6.11, Sarver and Associates (www.sarverassociates.com).
Wavefront Sensing, Ideal Corrections, and Visual Performance-Applegate 175 front error and equivalent diopters do not serve well to explain the variations in visual performance, is there something better?
Recently Larry Thibos from the School of Optometry at Indiana University, David Williams from the Center for Vision Science at the University of Rochester, and I have been working together on a variety of metrics to account for these experimental results. These metrics are calculated using the Zernike expansion of wave aberration as the fundamental input. Some, like RMS error, are calculated in the pupil plane, and others, like the Strehl ratio, are calculated in the image plane. To date, we have explored 31 different metrics, which are being reported elsewhere (Thibos et al., manuscript submitted). Here, I will use three of these to illustrate that each is progressively better than RMS wavefront error in explaining the data set seen in Fig. 23 . Greater detail of these results can be found elsewhere (Marsack et al., manuscript submitted).
The first method is calculated in the pupil plane and called the whole pupil fraction. The whole pupil fraction varies between zero and one and is calculated by determining the fraction of the total pupil area with a wave aberration of less than a predetermined fixed amount (here /4). As seen in Fig. 24A , the whole pupil fraction can account for approximately 21% of the variance in letter acuity.
A second criterion called the central pupil fraction also varies between zero and one and is calculated in the pupil plane by slowly expanding a circular aperture centered on the pupil until the aperture contains a total RMS error equal to a predetermined amount (here /4). As seen in Fig. 24B , the central pupil fraction can account for approximately 64% of the variance in acuity; however, the data are very poorly distributed over the range of possible values, which negates the statistical value.
In developing single-value metrics of visual performance from measures of optical performance, it is important to remember that retinal image quality is only the first step in the visual process. I like to use a camera analogy to emphasize the point. If the camera optics are fantastic and the film is bad, so will be the printed image. If the camera optics are fantastic and the film is fine, but the developing is bad, so will be the printed image. If the camera optics are fantastic, the film is fine, and the developing performed correctly, but the enlarging optics are lousy or the printing process is flawed, so will be the printed image. The same is true for the eye. If the eye's optics are fantastic, but the photoreceptors are dead, the percept will be bad. If the eye's optics are fantastic and the photoreceptors are functioning properly, but the visual neural pathways are damaged, the percept will be degraded accordingly. If the eye's optics are fantastic and the photoreceptors are functioning properly as well as the visual neural pathways, the expressed percept can still be degraded by the inability of individual to express what has been perceived.
Although the measurement of the wavefront error of the eye provides the best possible assessment of the retinal image quality, it does not tell us how the brain transfers the image into a visual percept. Nonetheless, we do have good estimates of the neural transfer function in the typical normal eye (e.g., Campbell and Green 15 ). This leads us to the third and even more promising metric, which is calculated by weighting the measured OTF with the neural contrast sensitivity function and dividing the product by the product of the neural contrast sensitivity function and diffraction-limited OTF. This new metric called the visual Strehl varies between zero and one and accounts for approximately 81% of the variance in acuity (Fig. 24C) . Of the 32 metrics tested to date, the visual Strehl is the best single-value metric we have developed to account for this data set.
Experimental design can help control for nonoptical effects. In these experiments, the data were normalized by having each subject serve as their own control. That is, the data were normalized by defining the dependent variable for each subject as the change in acuity (letters read on the aberrated chart minus letters read on the unaberrated chart) and defining the independent variable as any one of several metrics of retinal image quality calculated from a known change in wave aberration. Examining the effects of wave aberration using normalized data minimizes the affects of other factors (e.g., neural factors) influencing visual quality and focuses on the affects of wave aberration.
CONCLUSIONS
• Recently developed and commercialized state-of-the-art aberrometers measure the refractive errors of the eye with unparalleled detail.
• New clinically viable aberrometers are changing the way we correct the refractive errors of the normal and clinical eye.
• Aberrations as specified by the Zernike expansion interact to increase or decrease visual perception.
• Pupil size plays an important role in defining retinal image quality.
• Optimal vision occurs at a pupil size that minimizes the visual consequences of both aberrations and diffraction.
• The best visual image and best visual perception occurs when aberrations are minimized.
• Scatter decreases image contrast.
• Chromatic aberration decreases retinal image quality.
FIGURE 23.
Root mean square (RMS) error could not predict any of the variance in acuity induced in the experiment 13 where we held RMS error constant at 0.25 m and mixed two Zernike modes in various proportions. In this experiment, 0.25 m of RMS error (a dioptric equivalent of Ͻ0.25 D), depending on how it is distributed within the pupil, caused acuity to vary by up to two lines.
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• The detrimental effects of chromatic aberration are partially offset by the spectral sensitivity of the eye.
• Chromatic aberration tends to partially offset the adverse effects of low-level monochromatic aberration.
• All aberrations do not affect vision equally.
• Combinations of Zernike modes two radial orders apart having the same sign and angular frequency combine in optimal proportions to improve retinal image quality.
• Single-parameter metrics calculated from wavefront error can be used to effectively predict an optically induced change in visual performance. 
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